Abstract: Since sweet potato (Ipomoea batatas) produces high yield of storage roots (SR), it is an attractive target for improving productivity. However, molecular information about sweet potato is limited. The number of SR per plants determines the yield of sweet potato. SRs develop from adventitious roots (AR). Therefore, the mechanisms responsible for the initiation and development of AR need to be elucidated to increase the productivity of sweet potato. We conducted a transcriptomic analysis between nodes containing AR primordia (ARnode) and stems using next-generation sequencing to identify AR-specific promoters. A total of 6,219 contigs exhibited stronger expression in the ARnodes than in the stems. Among them, we found that the expression of sweet potato Plant AT-rich sequence-and zinc-binding protein (IbPLATZ) transcription factors was AR-specific. We examined the promoter activity of IbPLATZ in the transgenic Arabidopsis plants. β-glucuronidase (GUS) staining showed that the IbPLATZ promoter conferred the expression of the GUS reporter gene in a root tipspecific manner. These results indicate that the Ib-PLATZ promoter is available for a root tip-specific foreign gene expression system in transgenic plants.
Introduction
Among cultivated plants, tuberous crops such as potato and sweet potato plants are characterized by the highest values for the harvest index (Mazurcsyk et al. 2009 ). Sweet potato (Ipomoea batatas) is one of the most important food crops worldwide (Ku et al. 2008) . Therefore, sweet potato is an attractive target for "plant molecular breeding" because of their high productivity of storage roots (SRs) (Song and Yamaguchi 2007) . The sink potential of the SR provides the high productivity of sweet potato (Hozyo et al. 1971 , Hahn 1977 , Hozyo 1977 , Ravi et al. 2014 . The yield of sweet potato was assessed primarily by the sink capacity rather than the source potential (Wilson 1967) . Sweet potato roots develop as adventitious roots (AR) and normally arise from glucose:flavonoid 3-O-glucosyltransferase is one of the key enzymes in anthocyanin biosynthesis. Firon et al. (2013) obtained differential expression profiles between SR and FR, and revealed the downregulation of lignin biosynthesis and up-regulation of starch biosynthesis at an early stage of SR formation. Tao et al. (2012) analyzed different tissues at different developmental stages and annotated 51,736 transcripts. However, the molecular mechanisms underlying the initiation of SR formation are still largely unknown.
In the present study, we performed a large-scale transcriptome analyses in order to identify ARspecific promoters in sweet potato. The results obtained revealed that several distinct genes coding for transcription-associated proteins were strongly expressed in the nodes containing-AR (AR-nodes), suggesting that the molecular mechanisms underlying stem cell development are conserved in sweet potato. Furthermore, we demonstrated the ARspecific expression of the sweet potato Plant AT-rich sequence-and zinc-binding protein (IbPLATZ) transcription factor gene and examined the promoter activity of the 5'-flanking sequences of IbPLATZ using GUS as a reporter gene in Arabidopsis plants.
Materials and Methods

Plant materials and RNA extraction
Stem cuttings of sweet potato [I. batatas (L.) Lam. cv. Kokei 14.] plants were grown in soil under 28/23°C day-night temperatures and a 14-h photoperiod intensity of 500 μmol m −2 s −1
. AR-nodes were sectioned at the proximal 0.5-cm section of the root 3 days after transplanting and immediately immersed in liquid nitrogen. Stems between nodes were collected to be eliminated a contamination of AR-nodes. The stems and AR-nodes of sweet potato were ground into a fine powder using liquid nitrogen, and total RNA was extracted using RNA s-ici-R (Rizo Tsukuba, Japan). Arabidopsis (Arabidopsis thaliana) ecotype Colombia-0 plants were grown on MS medium (Murashige and Skoog 1962) containing 3% sucrose under 25/23°C day-night temperatures and a 16-h photoperiod (light intensity of 100-150 μmol m −2 s −1 ). Total RNA was extracted from the leaves and roots of Arabidopsis using Plant RNA Reagent RNAzol (Life Technologies, Carlsbad, CA).
RNA-sequencing (RNA-seq) library preparations and sequencing analysis
The extracted total RNAs were treated with RNasefree DNaseI (Thermo Scientific, Waltham, MA) and were qualified using Agilent 2100 Bioanalyzer the underground stem portion of a vine cutting that is being used as planting material (Togari 1950, Be l e h u e t a l. 2 0 0 4 ). So m e o f t h e s e r o o t s subsequently undergo changes in their growth pattern and develop into SR, while few become lignified and develop into a fibrous root (FR) that do not form SR (Togari 1950 , Wilson and Lowe 1973 , Belehu et al. 2004 . Thus, the development of AR is regarded as an essential factor for SR, particularly first AR, which affects sweet potato yield (Ma et al. 2015) .
The crop physiology of sweet potato has been documented in detail (Ravi and Indir 1999) . Nevertheless, a deeper understanding of the molecular mechanisms responsible for SR formation and development is important for improving the yield and quality of sweet potato (Ravi et al. 2009 ). A cDNA library of early-stage SR was recently generated and 22 genes were found to be differentially expressed between FR and SR. Among these genes, You et al. (2003) identified No apical meristem (NAM)-like and a MADS-box (MCM1, AGAMOUS, DEFICIENS and SRF) protein genes, both of which were found to be down-regulated in SR. Class I knotted1-like homeobox (KNOX1) p r o t e i n s p o s i t i v e l y f u n c t i o n i n c y t o k i n i n biosynthesis (Yanai et al. 2005) . Tanaka et al. (2008) isolated three KNOX1 genes (Ibkn1, Ibkn2, and Ibkn3) from sweet potato and showed that they were differentially expressed in developing SR. Among them, the expression levels of Ibkn2 and Ibkn3 were stronger in developing and mature SRs when compared with that of Ibkn1 (Tanaka et al. 2008 ). In addition, these genes are expressed in meristemspecific and KNOX1 proteins play a central role to maintain apical meristem activity in shoot (Hake et al. 2004 , Wang et al. 2010 .
To date, global molecular analyses on sweet potato have been hampered by the lack of genomic resources. Sweet potato is an autohexaploid (2n = 6x = 90) species (Ozias-Akins and Jarre 1994). Due to the genome complexity, genomic sequences of the cultivated species have not yet been decoded. Next-generation sequencing technology generates large amounts of sequence data and allows nonmodel organisms to be analyzed. Several recent studies established a starting point for the analysis of transcript profiling in sweet potato (Wang et al, 2010 , Tao et al. 2012 , Xie et al. 2012 , Firon et al. 2013 . Wang et al. (2010) identified 56,516 unigenes using Illumina paired-end sequencing and thousands of cDNA simple sequence repeat (cSSR) markers. These cSSR markers provided valuable resources for the sweet potato community (Wang et al. 2010) . Xie et al. (2012) identified 58,800 unigenes using I l l u m i n a H i S e q a n d s u g g e s t e d t h a t U D P -according to Tanabe et al (2015) . Quantities were assessed from a standard curve and normalized to the amount of actin DNA. qRT-PCR experiments were repeated at least four times for cDNA prepared for four batches of plants.
Semi-quantitative RT-PCR
Semi-quantitative RT-PCR experiments were carried out according to Tanabe et al. (2015) . Total RNA was extracted from various tissues of sweet potato or Arabidopsis as described above and treated with RNase-free DNaseI (Thermo Scientific, Waltham, MA). First-strand cDNA was synthesized from 1 µg of total RNA using the PrimeScript 1 st strand cDNA Synthesis Kit (Takara, Shiga, Japan) with an oligo dT primer, according to the manufacturer's instructions. Gflex polymerase (Takara, Shiga, Japan) was first activated at 95°C for 2 min, and Semi-quantitative RT-PCR was performed for 25 to 35 cycles at 98°C for 10 sec, at 55°C for 15 sec, and at 68°C for 15 sec, followed by a final extension step at 68°C for 7 min.
Isolation of 5'-flanking regions of IbPLATZ genes
Isolation of 5'-flanking regions of IbPLATZ genes was carried out according to Tanabe et al. (2015) with some modifications. Genomic DNA was isolated from the leaves of sweet potato using DNA s-ici-VS (Rizo, Tsukuba, Japan) and treated with RNase A (Thermo scientific, Waltham, MA). The 5'-flanking regions of IbPLATZ genes were amplified using an LA PCR in vitro cloning kit (Takara, Shiga, Japan) according to the manufacturer's instructions.
Plasmid construction and transformation of Arabidopsis plants
In order to construct IbPLATZ pro:GUS chimeric gene, the 5'-flanking region of IbPLATZ (from -2004 to -1, numbered from the ATG initiation site) was amplified with primers containing HindIII, and NdeI at the 5' and 3' ends of the IbPLATZ promoter fragment was ligated upstream of GUS in the binary vector pRI201-AN GUS (Takara, Shiga, Japan). The plasmid was introduced into Agrobacterium tumefaciens strain EHA105 by electroporation. The Agrobacterium tumefaciens was used to infect Arabidopsis plants via the vacuum infiltration method (Bechtold and Pelletier 1998) . Transformed seeds were selected in the T 1 generation on MS plated with 50 µg mL −1 kanamycin. Seed batches that contained single insert heterozygote seeds and showed a 1/4 death ratio on the selection plates were used to obtain homozygote lines at the T 2 stage.
(Agilent Technologies, USA). Total RNA was fragmented and converted to double-stranded DNA using TruSeq Stranded mRNA Library Preparation Kit (Illumina). To generate 101-bp paired-end reads, the library was sequenced using Illumina HiSeq 2500 at the Hokkaido System Science Co., Ltd. at Hokkaido, Japan.
Raw sequence processing and de novo assembly
In order to obtain clean reads for de novo assembly, all raw reads from RNA-seq were filtered. The adaptor sequence was discarded using the cutadapt program (version 1.1; http://code.google.com/p/ cutadapt/). Low-quality reads with ambiguous sequences "N" were masked. Read sequences with more than Q<20 bases were removed using the Trimmomatic program (version 0.32; http://www. usadellab.org/cmc/?page=trimmomatic). By using the Trinity assembly program (version 1.0.2; http:// trinityrnaseq.sourceforge.net/index.html), three consecutive steps (Inchworm, Chrysalis, and Butterfly) were adopted to assemble clean reads into contigs.
Sequence annotation
In order to deduce the correct transcription direction and protein sequences, the assembled transcripts were used to query public genomic databases with BLASTX (i.e., NCBI RefSeq Plant amino acid release 67; ftp://ftp.ncbi.nlm.nih.gov/refseq/release/ plant/) and annotations of the best hits for each contig were recorded.
RNA-seq data analysis
An analysis of differentially expressed genes was performed using edgeR (Robinson et al. 2010 ) (with P-Value ≤ 0.05) on the reads mapped with bowtie2 software (Langmead and Salzberg 2012) to the unigenes assembled as described above for the e x p r e s s i o n a b u n d a n c e e s t i m a t i o n . F P K M (Fragments Per Kilobase of exon per Million mapped fragments) values were computed using RSEM software (Li and Dewey 2011) . Fold changes in differentially expressed genes in sweet potato were calculated using the log2 ratio of FPKM.
Quantitative reverse transcription PCR (qRT-PCR)
All primers used in this study are listed in Supplemental Tabel 1. qRT-PCR experiments were performed with a LightCycler 96 System (Roche, Basel, Switzerland) using FastStart Universal SYBR Green Master (ROX) (Roche, Basel, Switzerland) www.plantroot.org 34 Transgenic lines designated as IbPLATZ pro:GUS 1-1 and 8-1 at the T 3 generation were used in subsequent experiments.
Histochemical GUS analysis
Histochemical GUS staining was carried out according to Tanabe et al. (2015) with some modifications. Plants were grown at 16 h light, 23°C/8h dark, 20°C on MS medium under a light intensity of 100 µE m −2 sec −1 . Histochemical localization of GUS activity in ten-day-old plants was performed by incubating whole seedlings in GUS staining solution (1 × PBS, 0.5 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronide, 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 , and 0.05% [v/v] Triton X-100, pH 7.5) for 8 to 12 h at 37°C. The plants were washed with 70% ethanol to remove chlorophyll.
Accession number
The sequencing data was deposited into the DNA Data Bank of Japan (DDBJ) Sequence Read Archive (DRA: https://trace.ddbj.nig.ac.jp/dra) (PRJDB5540; s a m p l e a c c e s s i o n n u m b e r s D R R 0 9 0 2 3 0 , DRR090231, and DRR090232 for stems and DRR090233, DRR090234, and DRR090235 for AR-nodes, respectively. The transcriptome assembly data sets supporting the results of this study have been deposited and are available at DDBJ with a c c e s s i o n n u m b e r I A C B 0 1 0 0 0 0 0 1 t o IACB01252614.
Result
RNA-Seq, de novo transcriptome assembly, and functional annotation
In order to obtain comprehensive transcripts of initial root development, total RNAs were isolated from AR-nodes and stems for RNA-Seq using the Illumina HiSeq 2500. A total of 219,499,143 pairedend 100-bp reads were obtained with an average read length of 869 bp and clustered into 252,614 contigs (≥200 bp). Sequence length distribution is illustrated in Fig. 1A . The final assembly was an N50 length of 1,475 bp and maximal length of 15,624 bp (Table 1) . Transcriptomic data were used to query the public genomic database using BLASTx. Of the 252,614 contigs, 144,526 (57.2%) matched known genes and 108,088 (42.8%) matched unique protein accessions at a cut-off E value ≤1.0E-5. Most of the identified transcripts showed the highest homology with those from Solanum tuberosum, S. lycopersicum, and Vitis vinifera sequences (24,249, 14,948, and 4,228 contigs, respectively) (Fig. 1B) . Hirakawa et al. (2015) performed de novo whole-genome sequencing with I. trifida (H. B. K.) G. Don (I. trifida), a wild relative of sweet potato. Among the putative I. trifida 57,354 genes, 56,218 were clustered with the predicted genes identified in potato (Hirakawa et al. 2015) .
Analysis of differential gene expression
In an attempt to compare differential expression patterns between AR-nodes and stems, the tag distribution of gene expression levels was normalized and the significance of differentially expressed transcripts was extracted with a P value < 0.05 and log2 fold-change by edge R (Robinson et al. 2010) . A total of 6,219 contigs exhibited at least 2-fold higher expression levels in the AR-nodes than in the stems, while 6,570 contigs exhibited at least 2-fold higher expression levels in the stems than in the AR-nodes. A list of the 40 contigs exhibiting higher differential expression levels in the AR-nodes than in the stems was summarized in Table 2 . In order to show that RNA-seq analyses were carried out AR-nodes and stems specific, we surveyed the expression of sporamin and β-amylase genes. The products of these two genes are known to accumulate to high levels in sweet potato SR. High expression levels were not obtained for contigs representing these genes in the AR-nodes, indicating that RNA-seq data represents comparisons between AR-nodes and stems. On the other hand, a list of the 40 contigs exhibiting higher differential expression levels in the stems than in the AR-nodes was summarized in Table 3 . To validate the RNA-seq data, we manually selected 8 genes that overrepresented in the nodes and examined the expression levels using qRT-PCR. The validated genes were baby boom (BBM); comp162900_c0_ seq2, PLATZ; comp146627_c0_seq1, 4-amino-4-deoxychorismate lyase (ADL); comp160285_c1_ seq6, late embryogenesis abundant protein (LEA); a Average number of reads derived from an RNA-seq analysis (n = 3).
www.plantroot.org 37 qRT-PCR showed that all 8 genes were more strongly expressed in the ARnodes than in the stems (Fig. 2) .
IbPLATZ shows an AR-specific expression pattern
In order to identify AR-specific promoters in sweet potato, we examined the tissue-specific expression levels of 15 genes that were over-represented in the AR-nodes using a semi-quantitative RT-PCR a n a l y s i s . T h e s e l e c t e d g e n e s w e r e B B M ; comp162900_c0_seq2, PLATZ; comp146627_c0_ seq1, ADL; comp160285_c1_seq6, catechol oxidase (CO); comp161713_c2_seq5), LEA; comp159367_ c1_seq2, Extensin; PLT3; comp160842_c0_seq2, sulfur-rich protein (SRP); comp145064_c0_seq6, nitrate transporter (NTR); comp155662_c0_seq13, WD-repeat containing protein (WD); comp163223_ c0_seq1, NEDD8-activating enzyme (NEDD); comp162458_c1_seq11, cyclin-dependent kinase ( C D K ) ; c o m p 1 6 3 1 1 5 _ c 0 _ s e q 6 3 , A n k y l i n ; comp158684_c0_seq4, serpin; comp160728_c1_ seq1, and SCARECROW-like protein (SCR); comp159999_c1_seq11. As shown in Fig. 3 , the expression of PLATZ was only detected in ARnodes. Complementary DNA encoding a DNAbinding protein, designated PsPLATZ1, was previously isolated from peas (Nagano et al. 2001) . We designated the gene as IbPLATZ. The deduced amino acid sequence of IbPLATZ contained 241 amino acids and showed higher identities with other PLATZ proteins at the N terminus and PLATZ domain, while the C terminus had a lower degree of identity (Fig. 4) .
The IbPLATZ promoter confers the root-specific expression of transgenes
In order to investigate the spatial and temporal expression patterns of IbPLATZ, a 2004-bp 5' flanking sequence of the IbPLATZ gene was cloned. The sequences located upstream of the IbPLATZ start codon were examined for their capacity to express the GUS reporter gene in transgenic Arabidopsis plants (IbPLATZ pro:GUS). Strong GUS signal was observed in the root apical meristems in IbPLATZ pro:GUS plants ( Fig. 5A and 5B). We then used semi-quantitative RT-PCR to further confirm whether the expression of GUS in IbPLATZ pro:GUS was expressed at higher in root than in leaves. In accordance with GUS staining data, the semi-quantitative RT-PCR analysis revealed that the expression of GUS was only detected in the roots of IbPLATZ pro:GUS plants (Fig. 5C ). These results were consistent with the observed tissue-specific expression pattern of IbPLATZ in sweet potato (Fig. 3) .
Discussion
The yield of sweet potato is affected by the number of SR per plants. Since SR develop from AR, the mechanisms responsible for the initiation and development of AR need to be elucidated in more detail in order to increase plant productivity. In addition, ARs develop from nodes in the stems. Therefore, we performed a transcriptomic analysis between AR-nodes and stems not containing nodes using next-generation sequencing. We found that a total of 6,219 contigs exhibited higher expression levels (≥2-fold) in the AR-nodes than in the stems. The mechanisms of embryotic development are well elucidated in Arabidopsis. In Arabidopsis, root stem cell niche is formed by the quiescent center and the adjacent stem cell initials (Petricka et al. 2012 ). PLTs, AP-2 type transcription factors, play an essential role in quiescent center maintenance (Aida et al. 2004 ). The expression of PLT genes is regulated by auxin (Aida et al. 2004 , Petersson et al. 2009 ). Two PLT genes (≥2,000 bp; comp160842_c0_seq2 and comp152372_c1_seq3) were over-represented in the AR-nodes (Table 2) . Furthermore, PLT genes regulate the expression of PINFORMED (PIN) auxin efflux genes (Blilou et al. 2005) . We found that the homolog of the PIN gene (comp158536_c0_seq2) was also over-represented in the AR-nodes ( Table 2 ), suggesting that the auxin-PLT pathways are conserved in stem cell development in sweet potato. SHORTROOT (SHR)/SCR encodes members of the GRAS family of transcription factors (Pysh et al. 1999) . SHR expressed in the stele moves into the quiescent center and cortex/endodermal initials in order to activate SCR expression (Nakajima et al. 2001) . The homology of the SCR gene (comp159999_ c1_seq11) was also over-represented in the ARnodes. KNOX1 genes have been isolated from several plant species (Reiser et al. 2000) . Recent studies have identified 3 genes differentially expressed in developing sweet potato SR (You et al. 2003 , Tanaka et al. 2005 . The homology of the KNOX1 genes (comp127785_c0_seq1, comp136042_c0_seq2, comp2286035_c0_seq1, comp155271_c0_seq3 , and comp469262_c0_seq1) was demonstrated; however, the expression levels of these 5 genes were relatively low (log2 -3.3 to 0.5). A relationship may exist between KNOXI genes and cytokinin accumulation in the SR of sweet potato (Ravi et al. 2009 ). The overexpression of the KNOXI gene in plants has been shown to elevate the levels of cytokinin (Tamaoki et al. 1997 , Kusaba et al. 1998 ). This has been attributed to the up-regulation of a subset of isopentenyltransferase genes, which catalyze the rate-limiting step of cytokinin biosynthesis (Ori et al. 1999 , Jasinski et al. 2005 , Yanai et al. 2005 , Sakamoto et al. 2006 . The homolog of the isopentenyltransferase gene (comp131011_c0_seq1) showed relatively low expression levels in the ARnodes (log2 -2.2). These results suggest that KNOX genes play an essential role in the initiation of SR formation, but not in that of AR. These results have provided a novel insight into the molecular mechanisms underlying the initiation of AR formation in sweet potato and highlight a number of processes that appear to be conserved in plants. Since half of the regulated genes identified in the present study encode proteins of unknown functions, many additional components of the initiation of AR formation remain to be discovered. Furthermore, differentially expressed genes will be potential candidates in research to elucidate the molecular processes related to the initiation of root development in sweet potato. Limited information on gene promoters is available for sweet potato because of the difficulty of transformation. Instead, activities of some sweet potato promoters are validated by heterologous expression in Arabidopsis or potato. We previously isolated the ribulose-1,5-bisphosphate carboxylase/ oxygenase small subunit (IbRbcS1) promoter from sweet potato and conferred the expression of the GUS reporter gene in a green tissue-specific manner (Tanabe et al. 2015) . Sporamin is a major storage protein with trypsin inhibitory activity, which is specifically expressed in tuberous roots of sweet potato (Chen et al. 2016) . Hong et al. (2008) revealed that the promoter activity of sweet potato sporamin was very high in the tubers of a transgenic potato. T h e 5' -f l a n k i n g r e g i o n o f A D P -g l u c o s e pyrophosphorylase (AGPase) small subunit from sweet potato was isolated (Kwak et al. 2006 ). In addition, Kim et al. (2009) demonstrated that the promoter activity of the IbAGP1 conferred high expression levels of the GUS gene in the leaves and tubers of a transgenic potato. We found that the expression of IbPLATZ was AR-specific in sweet potato (Fig. 3) . The gene encoding PLATZ was initially identified as a novel class of zinc-dependent DNA-binding protein from peas (PsPLATZ1) (Nagano et al. 2001) . The deduced amino acid sequences of IbPLATZ were well conserved with the plant PLATZ proteins (Fig. 4) . Nagano et al. (2001) also reported that the PsPLATZ1 protein binds to A/ T-rich DNA sequences upstream of the DE1 element, which is necessary for the down-regulated expression of the pea pra2 gene; however, the molecular mechanisms of PLATZ in plant cell division remain to be elucidated. The expression of PsPLATZ1 has been detected in the root tips and terminal buds of peas (Nagano et al. 2001) , suggesting that it functions in organs undergoing cell division. The expression of GUS driven by the 5'-flanking sequence of IbPLATZ was detected in the root tips (Fig. 5B) . Akashi et al. (2016) isolated a Ran GTPase1 (CLRan1) gene from wild watermelon (Citrullus lanatus). The expression of CLRan1 was in the apex region of roots. Interestingly, transgenic Arabidopsis plants that overexpressed CLRan1 showed enhanced root growth (Akashi et al. 2016) , suggesting that CLRan1 could have a potential to increase sink potential. Transcriptional regulation of endogenous genes and the precise control of transgene expression are major challenges in plant biotechnology (Liu et al. 2013 ). The expression system using the IbPLATZ promoter has potential in the expression of CLRan1 in a root tip-specific manner in sweet potato. 
Supplemental Table 1. Primers used in this paper
Primer name
